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asthma; airway hyperresponsiveness; muscle mechanics; mathematical modeling TWO OF THE CARDINAL FEATURES of asthma are the failure of deep inspirations (DIs) to dilate constricted airways (20, 42) and the inability of DIs taken before methacholine challenge to attenuate subsequent airway responsiveness (26) . The former of these two phenomena is known as DI-induced bronchodilation, and the latter is known as DI-induced bronchoprotection. Malmberg et al. (36) first showed the bronchoprotective effect of DIs in nonasthmatic subjects, whereby two DIs taken up to 10 min before the administration of methacholine attenuated the decrease in forced expiratory volume in 1 s (FEV 1 ). This phenomenon later became known as the bronchoprotective effect of DIs (26) and was shown to be absent in asthmatic subjects (54) . It has also been shown that bronchoprotection has a larger effect than does the bronchodilation effect of DIs (51) , and that the former is more likely to be associated with airway hyperresponsiveness (AHR) (52) . Yet the bronchoprotective effect of DIs is only seen when airway narrowing is assessed after challenge using a test that requires a DI (such as FEV 1 ) (11, 15) . When airway narrowing is assessed using airway conductance or maximal flows on partial flow volume curves (8) , there is no beneficial effect of prior DIs and no differences between asthmatic and normal subjects. These results imply that the prior DIs act to make the airways more responsive to the bronchodilator effect of subsequent DIs.
Airway smooth muscle (ASM) displays remarkable plasticity and can adapt to a wide range of lengths while maintaining its ability to develop force and shorten (7, 47, 59) . This is known as length adaptation and has been postulated to be a mechanism contributing to AHR in asthma (4) . ASM can also adapt to basal tone induced by contractile agonists in a phenomenon known as force adaptation (5, 43) . Force adaptation could stiffen the ASM and the airway wall and act to prevent stretching of the ASM layer, thereby limiting bronchoprotection. Length adaptation is also known to stiffen ASM (21, 37, 59 ) and could act alone or in concert with force adaptation to inhibit the beneficial effects of DIs.
We hypothesized that simulated DIs taken before ASM shortening would increase the compliance of ASM to a subsequent DI, and that adaptation to shorter lengths or induction of force adaptation would lead to inhibition of this bronchoprotective effect. Our data indicate that prior DIs do not affect the amount of shortening induced by acetylcholine (ACh) but modestly increase the compliance of ASM to a subsequent DI. We also show that length adaptation and force adaptation can inhibit the increased compliance caused by prior DIs. Together, our data suggest that increased ASM compliance due to prior DIs contributes to the bronchoprotective effect of DIs in nonasthmatic airways.
MATERIALS AND METHODS
Muscle preparation. Sheep tracheas used in these experiments were obtained from a local abattoir. The use of the tissue was approved by the Committees on Animal Care and Biosafety of the University of British Columbia. Tracheas were removed soon after the animals were killed and put into Krebs solution (pH 7.4; 118 mM NaCl, 4 mM KCl, 1.2 mM NaH 2PO4, 22 .5 mM NaHCO3, 2 mM MgSO4, 2 mM CaCl2, and 2 g/l dextrose). On arrival at the laboratory, tracheas were cleaned of blood, fat, and loose connective tissue and stored in Krebs solution at 4°C until further processed. ASM strips for experiments were dissected from ϳ2-cm-long tracheal segments. Two small incisions were made in the epithelium when the relaxed tracheal smooth muscle bundles were still connecting the C-shaped cartilage rings, and the distance between the incisions was measured. These were used as landmarks to preserve the in situ length of ASM during the dissection. The tracheal rings were then cut open, unfolded, and secured at a length adjusted so that the distance between the two epithelial incisions was the same as measured in the closed rings. Cartilage, adventitial connective tissue, and the epithelial layer were dissected away from the tracheal smooth muscle layer, and muscle strips (ϳ7 mm long, 1 mm wide, and 0.3 mm thick) were isolated without cutting the anchoring points on the cartilage at both ends. An aluminum foil clip was then attached on both ends of the muscle strips, and the distance between the clips was measured. The strips were then mounted vertically in an organ bath. The bottom clip was attached to a stationary hook, while the upper clip was attached to a hook connected to the lever arm of a servo-controlled force-length transducer by a surgical thread (size 6). The distance between the clips measured during the dissection was used to adjust the length of the ASM strip to the length that it was in situ. This length is hereafter called L ref.
The organ bath was filled with Krebs solution that had been preheated to 37°C and aerated with a gas mixture containing 95% O2 and 5% CO2. The temperature of the bath was also maintained by circulating 37°C water through a jacket that surrounded the organ bath.
Equilibration period. ASM strips were subjected to an equilibration period before the start of the experiments. During equilibration, the baseline tone of the ASM strips was monitored. Once the baseline tone decreased to ϳ2-3 mN, the strips were activated every 5 min with a 9-s electrical field stimulation (EFS) (60 Hz, 12 V). Krebs solution was replaced every 5 min following EFS with warmed (37°C), aerated Krebs solution. The equilibration was completed when a plateau in isometric force was reached (i.e., after which there was no further increase in force in response to subsequent EFS). The force produced by EFS at that time was called Fmax. Therefore, Fmax was the force generated by the ASM in response to EFS at Lref after a stable plateau was achieved. The equilibration period took ϳ1 h.
Calculation of force oscillations [adapted from Pascoe et al. (44) ]. The stress oscillations imposed on the ASM strips in this study simulated the tension oscillations experienced by the wall of a fourthgeneration airway during transpulmonary pressure excursions of different magnitude; e.g., 3 cmH2O to mimic tidal breathing and 25 cmH2O to mimic a DI from functional residual capacity to total lung capacity (TLC). The changes in wall tension caused by pressure oscillation excursions were calculated based on the Laplace relationship (tension ϭ pressure ϫ radius), assuming that the airways resemble a thin-walled cylinder (an appropriate assumption since the wall thickness/airway luminal diameter ratio is ϳ1/22 in nonasthmatic airways of the fourth generation) (24, 27) . Since the airway wall is also strained during these swings in transpulmonary pressure, the calculated change in wall tension also has to take into account the change in radius (at the middle of the ASM layer). Equations developed by Lambert and coworkers (29) and morphological data for a fourth-generation airway (24, 27, 60) were used to make this adjustment. The magnitude of the tension oscillations was the same for every ASM strip, but the magnitude of the force oscillations depended on the width of the ASM strip. Since the ASM is arranged circumferentially around the airways, this width represented the portion of the airway length that would be studied. We estimated the width of the ASM strips by assuming the ASM generates a stress of 100 kPa in response to EFS following the equilibration period, and that the thickness of the ASM strips was ϳ0.3 mm. The value of force (in mN) was then used to calculate the width of the ASM strips. Knowing the length of the airway wall that would be covered in situ by this estimated width and the changes in wall tension occurring during breathing maneuvers, we were then able to calculate the force oscillations (in mN) that needed to be imposed on the tracheal strips to simulate the stress to which the ASM is subjected in vivo. This approach has been used in our laboratory's two previous studies and provides force oscillations that result in physiological strains in relaxed conditions (43, 44) . A similar approach for calculating load on ASM during a DI has been previously used by others in ovine tracheal strips (41) .
Bronchoprotection protocol. Following equilibration of the tissue, we examined the effect of prior length perturbations that mimic DIs on subsequent shortening of the muscle and its response to a third force-controlled DI maneuver. Specifically, the interventions began with two stretches of 25% Lref, which were applied to mimic two DIs to TLC. The stretches were applied over 5 s each. The control protocol was identical, except that no simulated DIs were applied. The order of the control or experimental protocols was randomly assigned. Ten seconds after the DIs (or at the same time without DIs), the lever was switched to force control, and the tissue was shortened with ACh (1 M) against an isotonic load equivalent to 15% of F max. The muscle was allowed to shorten to a plateau value for 60 s, after which a third quick (over 0.5 s) DI-like stretch was applied (see Fig. 1 ). This third DI stretch was achieved by applying a force perturbation calculated to be equivalent to a DI achieved with an inspiratory pressure of 25 or 50 cmH 2O. Calculations of the amplitude of the stress perturbation needed to mimic in vivo pressure changes of 25 and 50 cmH2O were done in the same manner as described earlier. Following 100 s of recording, the ASM was washed three times with Krebs solution to remove the ACh and allowed to return to Lref by itself. The tissue was then left to recover for 30 min. During this recovery time, there was no EFS stimulation, and the tissue was washed with Krebs every 5 min. Following the recovery period, the tissue was stimulated once again with EFS until a stable plateau was reached. Following reequilibration, the tissue was subjected to the alternate protocol. For both control and experimental protocols, we measured the amount of maximal shortening before the third DI stretch was applied, the peak relengthening (strain) in response to the third DI stretch, and the rate of reshortening (T1/2 or time taken to reshorten to one-half of the maximal reshortening) following the stretch.
This standard bronchoprotection protocol was applied to ASM tracheal strips under four different conditions. 1) ASM was kept at Lref, and two different amplitudes of stress oscillations were used for the third DI stretch. One mimicked a normal airway transmural pressure achieved during a typical inspiration to TLC (25 cmH2O), while the other amplitude mimicked a supramaximal pressure oscillation (50 cmH2O). 2) Tissue was shortened by 30% and allowed to length adapt for 1 h. During the first 30 min, the tissue was allowed to equilibrate with no stimulation, and, for the subsequent 30 min, it was stimulated once every 5 min until a stable plateau in force was reached. 3) Tissue was stretched by 30% and allowed to length adapt in the same manner. 4) Tissue was exposed to a low level of ACh stimulation (ϳ5 ϫ 10 Ϫ8 M) and stimulated repeatedly at 5-min intervals with EFS to induce force adaptation. Once force adaptation was induced [in a similar manner to Bosse et. al. (5)], the bronchoprotective protocol was applied. In the case of force adaptation, the two prior DIs were force-controlled perturbations (25 cmH2O) instead of length oscillations. This is because, with increased tone, a 25% length perturbation would require an applied stress greater than would be expected in vivo (44) .
Calculation of resistance change due to prior DIs. A simple model of a single airway with a radius of 1 mm was used to calculate the change in airflow resistance that would result from the prior DI's effect on the length changes induced by the subsequent FEV1-like DI. It was assumed that the change in length of the ASM strip ex vivo was proportional to the change in circumference of the airway lumen. Airflow resistance (R) was calculated using the Poiseuille equation: R ϭ 8L/r 4 , where is the viscosity of the air, L is the length of the airway, and r is the radius of the airway. Assuming that, between the control and prior DI protocol, the only variable that changed was the radius, we were able to calculate the change in resistance due to the prior DIs. For example, the viscosity of air and length of the airway were both set to 1, so that the equation simplified to R ϭ 8/r 4 . With the control radius following activation set to 1, the resistance in this airway was 2.55 cmH 2O·l Ϫ1 ·s. Changing the radius in the prior DI setting by the same percentage as the increase in length in the ASM strips yielded the resistance in each of the test conditions. This calculation was done for all the tissue conditions (L ref, 70% Lref, 130% Lref, and force adapted) and expressed as percent change from control.
Computational modeling. To examine the possible role of airway reopening, a computational model of the human lung was employed to test the effect of bronchoprotection. The airway tree geometry was taken from a previously reported model (56) , and each airway in that tree has dynamics similar to those described in previous reports (16, 17, 46) with explicit representations of both airway wall compliance and parenchymal tethering forces based on experimental data, as well as ASM length-tension relationships obtained from the data in this paper. We assumed an initially normally distributed range of ASM tension, and the degree of constriction is adjusted until the respiratory impedance reaches a prescribed level (to simulate agonist challenge). We assume that this "challenged" lung then has a bimodal distribution of radii, with closed and open populations, which can exist because of the bistability of the airway radius in terms of ASM tension in the small airways (1) . [Note that the model does not address the formation of this bimodal distribution, but rather takes it as a starting point on the basis of other work (2, 57) .] To simulate the third DI maneuver, ASM force-length loops are fit to the experimental data collected in this study, both for the control and prior DI situations. The difference in these force-length loops were the only thing that separated the control and prior DI cases; the challenged lung is assumed to be identical in both cases. A 30-cmH 2O DI is imposed on the challenged lung, driving reopening of some closed airways, with airway opening being determined by the force-length relationships. For complete model details please see the APPENDIX.
Statistical analysis. Maximal shortening, peak relengthening, and T 1/2 were normalized to Lref for each strip of muscle. Data are means Ϯ SE. Analysis of time course of reshortening was done using a repeated-measures two-way ANOVA. Analysis of maximal shortening, peak relengthening, and T 1/2 was done using a paired t-test.
Analysis of the change in airflow resistance was done using a paired Student's t-test. All graphs and analysis were done using Prism 5 (GraphPad Software, San Diego, CA). A P Ͻ 0.05 was considered significant.
RESULTS

Effect of prior DIs at L ref .
All tissues were shortened against a 15% F max load with 1 M ACh. In tissues where the third DI was of an amplitude equivalent to 25 cmH 2 O, tissues without prior DIs (control) shortened by 37.0 Ϯ 6.0% vs. tissues with prior DIs that shortened by 35.3 Ϯ 6.0% ( Fig. 2A , P Ͻ 0.05). When the third DI was of an amplitude equivalent to 50 cmH 2 O, tissues without prior DIs (control) shortened by 37.5 Ϯ 4.1%, which was similar to tissues with prior DIs that shortened by 38.6 Ϯ 3.4% ( Fig. 2B , P Ͼ 0.05). The peak strain in response to both amplitudes of DI is shown in Fig. 3 . In both cases, prior DIs enhanced the relengthening of the tissue in response to the third DI maneuver. The 25-cmH 2 O DI strained the tissue by 10.1 Ϯ 1.3% in the control intervention and by 11.3 Ϯ 1.6% with prior DI (Fig. 3 , A and B, P ϭ 0.016). Figure  3A also shows the time course of reshortening following the DI. The two curves are significantly different (P Ͻ 0.0001) by repeated-measures two-way ANOVA. The T 1/2 is not significantly different between conditions (8.1 Ϯ 1.1 s prior DI vs. 7.9 Ϯ 1.0 s control, P Ͼ 0.05). The 50-cmH 2 O DI strained the tissue by 18.0 Ϯ 1.2% in the control intervention and by 19.2 Ϯ 1.4% in the prior DI intervention (Fig. 3 , C and D, P ϭ 0.001). Figure 3C shows the time course of reshortening following the DI. The two curves are significantly different (P Ͻ 0.0001) by repeated-measures two-way ANOVA. The For tissues adapted to 70% L ref , prior DIs had no effect on the subsequent strain of the third DI maneuver (8.8 Ϯ 0.011 vs. 8.9 Ϯ 0.011%, P Ͼ 0.05) (Fig. 5B) or the reshortening in response to the third DI maneuver (Fig. 5A , P Ͼ 0.05). Prior DIs did not affect the rate of reshortening (T 1/2 ) following the stretch (11.5 Ϯ 1.9 vs. 11.4 Ϯ 1.6 s, P Ͼ 0.05). For tissues adapted to 130% L ref , prior DIs significantly increased the length change during and after the subsequent DI, as measured by a repeated-measures two-way ANOVA ( Fig. 5C , P ϭ 0.002). However, the peak strain induced by the third DI maneuver (Fig. 5D ) in the prior DI protocol was not significantly greater than for the control condition (10.9 Ϯ 0.58 vs. 11.4 Ϯ 0.50%, P Ͼ 0.05). The T 1/2 was also not significantly different between the control condition and prior DI condition (11.2 Ϯ 1.3 vs. 11.1 Ϯ 1.7 s, P Ͼ 0.05).
Force adaptation and bronchoprotection. Force adaptation was induced using 50 nM ACh and was measured and identified as an increase in EFS-induced force that increased to a new plateau following three to five EFS stimulations at 5-min intervals (Fig. 6A) . The degree of force adaptation in the two protocols was not significantly different (P Ͼ 0.05). The shortening induced by 1 M ACh was also not significantly different between the two conditions, with the control tissues shortening by an average of 34.1 Ϯ 3.7% and tissues subjected to prior DI shortening by 32.7 Ϯ 4.0% ( Fig. 6C , P Ͼ 0.05). In the presence of force adaptation, prior DIs did not affect the magnitude of the strain induced by the third DI maneuver, nor did they affect the subsequent reshortening (Fig. 6 , B and D, P Ͼ 0.05). The peak strain induced by the third DI maneuver was 11.0 Ϯ 1.4% for the control and 11.2 Ϯ 0.92% for the prior DI conditions, respectively. Again, T 1/2 was not significantly different between the two conditions (4.3 Ϯ 2.0 vs.
Modeling the change in airflow resistance. To understand the potential functional consequence of the increased strain induced by a third DI maneuver following prior DIs, as well as the effect length and force adaptation had on blunting this increase, we modeled the change in resistance to airflow in a single airway. The change in resistance to airflow can be seen in Table 1 . When the ASM tissue was at L ref , the decrease in airflow resistance elicited by the DI on an ACh-constricted airway was 33.3 Ϯ 4.73% greater with prior DIs than without prior DIs. This change in resistance was statistically significant (Fig. 7, P Ͻ 0.001) . When the tissues were adapted to a shorter length, the change in airflow resistance of an airway was not different from the control condition (1.48 Ϯ 13.7% increase, P Ͼ 0.05). Additionally, adaptation to longer lengths caused the prior DIs to have a nonsignificant effect on the reduction in airflow resistance in response to the third DI maneuver (11.7 Ϯ 12.6% decrease over control, P Ͼ 0.05). Induction of force adaptation also ablated the change in airflow resistance caused by the prior DIs compared with the control (no prior DIs) condition (11.9 Ϯ 35.6% increase, P Ͼ 0.05). These values can be found in Table 1 .
Modeling the effect at the organ level. Using the computational model, we found that the differential ASM response to prior DIs during the third DI maneuver, although modest at the tissue level, can drive additional airway reopening at the organ level. Furthermore, we find that this additional reopening may be enough to account for significant differences in lung function post-DI and hence account for the bronchoprotective effect of prior DIs.
In the challenged lung, we assume that there is a bimodal distribution of airway radii, with a closed population and an open population. Specifically, the model challenged lung has 9,305 "closed" airways out of 30,941 total (30.1% closed). The central question is how many of these can be reopened by a DI, whether control or with prior DIs. Imposing a DI on this challenged lung moves some airways from the closed population to the open one; critically, the number of these reopened airways depends on the ASM force-length dynamics, and it is the alteration of these dynamics by prior DIs that allows additional reopening. In an FEV 1 DI without prior DIs, 254 of those 9,305 closed airways reopen (2.7%). However, in the brochoprotective case with prior DIs, 1,584 reopen (17.0%). This process is illustrated graphically in Fig. 8 , which shows the bimodal distribution of open and closed airways in the challenged lung (solid black line), the change in this distribution due to a DI (without prior DIs) as the blue area, and the additional change due to a DI when prior DIs are present as the green area. In terms of resistance at 1 Hz, the FEV 1 DI alone results in a 12.2% decrease relative to baseline, while adding prior DIs resulted in a 43.4% decrease. Clearly the prior DIs lead to a significant increase in the number of reopened airways, as represented by the decrease in the closed population and matching increase in the open population. These data are computed for typical parameter values, but the results are qualitatively the same within a reasonable range of parameter values; for further details, please see the APPENDIX.
DISCUSSION
The purpose of this study was to test whether intrinsic properties of ASM contribute to, or are the cause of, the bronchoprotective effect of DIs seen in nonasthmatic subjects. We showed that prior DIs have no effect on the level of shortening achieved by the tissues in response to ACh, which is in line with in vivo results showing that prior DIs do not affect airway narrowing (measured by airway conductance, partial maximal expiratory flows, and FEV 1 /forced vital capacity) until a subsequent DI is taken (11, 15) . Our results also indicate that prior DIs increase the compliance of ACh-shortened ASM strips in response to a subsequent DI-like maneuver Values are means Ϯ SE. Lref, reference length. Note: The resistance listed is the minimal resistance achieved during the stretch induced by the third deep inspiration (DI) maneuver in cases where the prior DIs were applied. Percent change is calculated from the difference in the minimal resistance achieved during the stretch induced by the third DI maneuver in between conditions without vs. with prior DIs.
(i.e., a sudden increase in distending stress). However, the additional increase in ASM elongation engendered by the prior DIs is relatively small and is unlikely to be the sole mechanism for the bronchoprotective effect seen in nonasthmatic subjects. This suggests that other factors are important in determining the extent by which prior DIs protect against a subsequent decrease in FEV 1 elicited by an inhaled challenge with a spasmogen. This point will be addressed later from a different perspective with the help of a mathematical model that simulates the behavior of a heterogeneous population of airways rather than assuming the homogeneous behavior of a "typical" airway.
The results of a number of ex vivo studies designed to investigate how DIs play a role in the dilation of constricted airways (22, 33, 38) or ASM strips (19, 43, 49) have shown that activated ASM is difficult to stretch with simulated DIs. However, the mechanisms of DI-induced bronchodilation and bronchoprotection are likely to be different. DI-induced bronchoprotection involves application of strain to airways and ASM before a constricting stimulus (55) . Based on the effects of prior length oscillations on subsequent ASM force generation (19, 53, 59) , it was initially hypothesized that DIs might result in changes in the contractile or cytoskeletal apparatus of ASM, which decrease its contractile capacity and thus explain the protective effect of DI. However, the study from Crimi and coworkers (15) showed that prior DIs did not affect the magnitude of subsequent airway narrowing when a surrogate of airway narrowing that did not require a DI was employed.
Only when FEV 1 was used as a surrogate of airway narrowing was a significant effect of prior DIs apparent. These in vivo results suggest that the beneficial effects of prior DIs are mediated by improving the effectiveness of the postchallenge DI. Our results support this conclusion in that, in general, ex vivo protocols that included simulated DIs before the administration of ACh resulted in greater effectiveness of the subsequent DI maneuver with respect to its ability to strain the ASM strip. However, the effects are relatively small and by themselves are unlikely to explain the rather substantial protective effect of DIs on the decline in FEV 1 when they preceded the MCh challenge. For example, Kapsali et al. (26) showed that the reduction in FEV 1 of nonasthmatic subjects was blunted by over 80% with prior DIs. Malmberg et al. (36) showed a similar reduction. There is the possibility that in vivo release of mediators, such as nitric oxide or prostaglandin E 2 , upon ASM stretch may contribute to the protective and dilatory responses of DIs by actively relaxing the ASM (10, 14, 45) . A loss of these mediators in asthma could contribute to the loss of bronchoprotective DIs that is characteristic of the disorder.
The results of Chapman et al. (11) suggest that the salutatory effects of prior DIs are in enabling more effective opening of closed airways by the postchallenge FEV 1 -related DI. How could prior DIs affect subsequent airway opening? Besides an effect on the compliance of the ASM, prior DIs could influence the generation of an effective transmural pressure and/or could influence the surface active properties of the airway lining liquid to decrease the opening pressures of closed airways. Alternatively, the small changes in ASM relengthening we observed could be enough to explain larger differences in the ability to recruit closed airways. Our computational model suggests that the relatively modest differences in ASM response due to prior DIs could, nonetheless, account for a significant bronchoprotective effect by allowing additional reopening of closed airways during the postchallenge DI. This mechanism amplifies the effect of relatively small changes in ASM behavior by way of two sources of nonlinearity: the highly compliant small airways, and the nonlinearity of airflow with respect to airway luminal radius. This amplification mechanism offers one solution to the puzzle posed by the significant bronchoprotective effect seen in vivo, in contrast with the limited influence of simulated DIs in both intact airways (22, 30, 31, 33, 38) and ASM strips (44) . Thus it could be that, for a typical airway, a DI does very little, but, by reopening some closed airways, significant changes in lung function are possible.
Wong and colleagues (61) studied mice in an attempt to explain the mechanism for DI-induced bronchoprotection. Paradoxically, they found that prior DIs increased measures of airway narrowing (and the heterogeneity of narrowing), which was consistent with previous study on excised porcine bronchial segments (39) . However, like the human in vivo studies, Wong and colleagues showed that a subsequent DI was more effective in dilating airways as assessed by a superior beneficial effect on pulmonary resistance measured using a forced oscillation technique. They also attempted to measure postchallenge airway distensibility by examining the relationship between airway conductance and inflation pressure. Although DIs increased the compliance of the airways prechallenge, there was no difference in distensibility postchallenge with vs. without prior DIs protocols. They concluded that increased compliance of the airway wall (or ASM) is unable to explain the beneficial protective effect of DIs. Like other investigators, they invoked the possible effect on surface tension and thus airway opening pressures (61) .
In addition to studying the bronchoprotective effect of prior "DIs" on ASM shortening and relengthening under "normal" conditions (L ref and no tone), we investigated how changes in ASM resting length (length adaptation) and baseline tone (force adaptation) affect ex vivo "bronchoprotection". Length adaptation is a term given to the smooth muscle's ability to maintain contractile capacity over a wide range of lengths (59), and it has been proposed that the phenomenon may contribute to AHR by allowing a chronically narrowed airway to narrow further (7) . Force adaptation is a smooth muscle process by which, in the presence of tone, the total force-generating capacity of ASM increases over time. It has been speculated that, in asthma, the constant presence of inflammatory and contractile mediators results in force adaptation (5, 6) .
Interestingly, we found that both types of adaptation, to a shorter length and baseline tone, abolished the beneficial effects of prior "DIs". This could be, in part, due to an increased stiffness of ASM at shorter lengths (8) or upon activation (23) , thereby limiting either the strain in response to a given stress or the maximal ASM elongation achieved by the simulated DI. This supports the concept that these phenotypic changes, if present in asthmatic subjects, could contribute to the relative ineffectiveness of DI-induced bronchoprotection in asthma. However, adaptation of ASM to a longer length, which would be expected to have the opposite effect, did not enhance the effectiveness of prior "DIs"; in fact, the protective effect of prior "DIs" was marginal after length adaptation to a longer length. This is likely due to an underestimation of the required stretch for the third DI. Since the tissues were adapted to shorter or longer lengths, we would need to adjust the force applied to the muscle to keep a constant pressure amplitude at the shorter or longer lengths (LaPlace's law: tension ϭ pressure ϫ radius). The problem is that this adjustment is not as simple as increasing the amplitude by 30%, as in the case of tissues adapted to longer lengths. As a result, the amplitude we applied could underestimate the real amplitude that needs to be applied to achieve a stretch equivalent to 25 cmH 2 O. This would mean that the marginal protective observed may, in fact, be as large as the tissue at L ref , and that tissues adapted to longer lengths would also benefit from the bronchoprotective effect of DIs. In the case of adaptation to a shorter length, our applied distending force would be overestimating the required stretch, and we still did not see any protection afforded by the DIs. Alternatively, the fixed oscillating strain that was used to simulate prior DIs (which was set to 25% of L ref ) represents a smaller relative length change for a muscle adapted to an elongated length, which may explain the attenuated effect of prior DIs on the compliance of ACh-shortened ASM at 130% L ref .
Loss of the bronchoprotective effect of DIs is one of the most consistent markers of asthma. In a recent ex vivo study, the only phenotypic difference in tracheal smooth muscle mechanics between asthmatic and nonasthmatic tissues was deficient force attenuation in response to a series of simulated DIs (12) . The results of that study suggest that there is an intrinsic difference in the response to oscillating strain in asthmatic ASM, a difference that could contribute to AHR. It is well known that a decline in contractile capacity is proportional to the magnitude of the strain applied to the ASM (3, 33, 40, 44, 58) , and that this occurs regardless of asthmatic status (38) . A stiffer airway wall in asthmatic subjects (9, 25, 48) would reduce the strain caused by breathing maneuvers and could be a cause for the loss in the bronchoprotective effect of DIs. There are a host of cytoskeletal proteins that are important in determining the ASM response to DIs, including the focal adhesion proteins vinculin and paxillin, the actin stress fiber protein zyxin (50) , and the actin binding proteins actinin and filamin. The role of cytoskeletal proteins in the response to DIs is an overlooked area of research, and more work needs to be done to characterize their role in the active cytoskeletal reorganization that is likely taking place during DIs. Overexpression of some cytoskeletal proteins may enhance the ability of the cytoskeletal network to tolerate or recover from strain caused by DIs in asthmatic subjects and potentially could attenuate the increased compliance in response to the protective DIs. In addition, work by Laube et al. (32) and Lippmann (34) has shown that, while aerosol distribution in the lung is homogenous in nonasthmatic subjects, the distribution is heterogeneous in asthmatic subjects and concentrated in more central airways. However, the model incorporates heterogeneity in the distribution of isometric tensions, which could be the result of heterogeneous distribution of the spasmogen.
The whole lung computational model is designed specifically to test the extent to which alterations in ASM behavior, such as that caused by bronchoprotective DIs, modulate the Bronchoprotective Effect in Smooth Muscle • Pascoe CD et al. reopening of closed airways during DI. The model employs as its key elements the Lambert model for the airway wall (29) and the Lai-Fook model for parenchymal tethering (18) for individual airways in the bronchial tree and thus bears a strong resemblance to several previous models (28, 46) . The central differences are 1) we take the ASM force-length behavior directly from the experimental data for this particular protocol, rather than using a more general representation, and 2) we assume a bimodal distribution of airway radii in the challenged lung by fiat, without reference to a specific mechanism for its formation. Thus the model is narrowly defined for addressing only the central question we consider here.
Another of the potential limitations of this study is the use of tracheal smooth muscle strips to test the bronchoprotective effect of DIs, which would normally have their major effect in smaller bronchi and bronchioles. However, the purpose of this study was to test the intrinsic response of ASM to prior DIs. In that respect, tracheal smooth muscle is a good model. A limitation of the apparatus used to conduct this study is that it requires that the strip length is returned to resting length after the initial DIs rather than letting it to the increased length (immediately post-DI) as may be occurring in vivo. Thus the conclusions of this paper need to be validated using a different preparation, such as precision-cut lung slices. Work using precision-cut lung slices may also provide a better understanding on how parenchymal tethering plays a role in the protective effect of DIs. Again, the results we present here show a small, but significant, increase in muscle compliance following prior DIs, and it is only in the context of the whole lung that these small changes become physiologically significant as predicted by our model. Future work should be focused on determining what are the main contributors to the bronchoprotective effect of DI in the lung and how they work in concert with ASM to protect the airways of nonasthmatic subjects from constriction.
Conclusion. We conclude that prior DIs confer bronchoprotection by modestly increasing the compliance of contracted ASM. In turn, this increased compliance enhances the strain that the airway wall undergoes during a subsequent DI and, concomitantly, potentiates the bronchodilator effect of DI. This explains why the phenomenon only manifests itself with lung function tests that require a DI. This effect is small when looking at the tissue or airway level. However, when considering the lung as a whole, the small increase of ASM compliance could play a large effect on FEV 1 and forced vital capacity measured in patients by reopening a greater number of closed airways. Finally, phenomena such as length and force adaptations may contribute to the lack of effectiveness of DIs in asthma by preventing the increased compliance of ASM that is normally induced by DIs that preceded the bronchoconstriction.
APPENDIX
This appendix describes the details of the whole lung computational model. The purpose of this model is to ascertain how alterations to the ASM force-length behavior caused by prior DIs, as measured in this work, might regulate the reopening of closed airways during a DI. Thus the model begins from a bistable, constricted state, assumed to result from agonist challenge. The existence of such a state is predicated on the work of others who have considered how such a state might form (1, 2, 57) . From such a bistable, constricted state, we then examine the reopening that occurs in response to a DI in both the bronchoprotective and control cases.
The airway tree employed in the computational model is derived from Tawhai et al. (56) with large orders extracted from CT imaging and the remainder generated by a computational algorithm. The lung has 30,941 airways, up to Horsfield order 24.
The dynamics of each individual airway are assumed to be
where r is the luminal radius (16, 17) , and~is an arbitrary time constant. The function ⌽(r) describes the steady-state behavior of the airway, due to a combination of the Lambert model for the airway wall (29) , the Lai-Fook model for parenchymal tethering (18) , and the Laplace law. Thus
where R is the Lambert model for the airway radius, and P is transmural pressure, by composition where the airway wall mechanics are given by Lambert model (29) as
and the transmural pressure P is
where is the smooth muscle pressure, rsm is smooth muscle radius, rm is muscle radius, and rw is wall radius. The parenchymal tethering (r) is given by Lai-Fook (18) as
where is the parenchymal shear modulus, Rref is airway reference ratio, and the smooth muscle radius rsm is
where
where ε w and εm are parameters characterizing the airway wall thickness and smooth muscle layer thickness, respectively. The ASM force-length behavior is captured by the term (r sm) and depends on the smooth muscle length. We fit the experimental data (force-length curves during force-controlled DI, from this paper) as
in the stretching phase, and
when reshortening. Here L ϭ 2r sm and is normalized to Lref,L is the maximum length for each airway during the maneuver, u and d are the effective ASM pressures during stretching and reshortening, respectively, is the reference ASM pressure, and p1 and p2 are parameters describing the ASM dynamics. The agonist challenged lung state is determined by assuming that the are drawn from a normal distribution with prescribed coefficient of variation (CV). The mean of this distribution is then adjusted to reach the target respiratory resistance (5 cmH 2O at 1 Hz). If the resulting ASM tension for an individual airway lies in the region with both open and closed branches, a branch is selected at random with equal probability. Simulations with varied CV were also carried out to test the effects of this parameter (see below).
DIs were simulated by making the parameters P 0 and time dependent, with a sinusoidal deep breath of duration 8 s and depth 30 cmH2O.
Individual airway radius and ASM force from the simulations is shown in Fig. A1 ; these correspond to the distributions shown in Fig.  8 , but now give individual force-radius points for each airway, rather than distributions. The left panel shows the small airways in the challenged state, with a clear bimodal pattern. The center panel shows the changes due to a DI, without prior DIs (control), with the gray lines showing the overall change for each airway from the beginning of the DI to the end, and the gray crosses the final distribution after the end of the DI. Thus lines crossing from the closed population to the open population are the reopening airways. The right panel gives the same information in black for the DI with prior DIs (bronchoprotective). Clearly there is additional reopening, and the mechanism for this is the response of the ASM to the DI-induced stretch, specifically, the extent to which airway dilation increases ASM force, as represented by the slope of the response to DI in the force-radius plane. If the slope is steeper (e.g., the ASM force at the end of the DI is lower), then a larger fraction of the airways from the closed population reach the stable, open branch and stays there (hence that airway has reopened).
Respiratory resistance is calculated by a circuit analog model (13, 35) . Note that we use resistance because of challenges in simulating FEV 1 directly; however, the inclusion of the FEV1-like DI immediately before resistance measurement allows us to capture the crucial response to this maneuver.
Sensitivity analysis with respect to both the CV of ASM force and the parenchymal modulus was carried out; results presented are typical for large areas of parameter space. The quantitative results given are computed for a 50% CV of ASM force, although sensitivity analysis showed broadly similar results for coefficients of variation ranging from 10 to 100%.
The radius distributions shown in the paper have been estimated from the samples by kernel density estimation, using MATLAB's built-in ksdensity.
Reference radii are taken to be r ref ϭ R(Pref). Order-dependent parameters are taken from Politi et al. (46) , and the rest are given in Table A1 . 
